Translational control plays an important role in cell growth and tumorigenesis. Cap-dependent translation initiation of mammalian mRNAs with structured 5UTRs requires the DExH-box protein, DHX29, in vitro. Here we show that DHX29 is important for translation in vivo. Down-regulation of DHX29 leads to impaired translation, resulting in disassembly of polysomes and accumulation of mRNA-free 80S monomers. DHX29 depletion also impedes cancer cell growth in culture and in xenografts. Thus, DHX29 is a bona fide translation initiation factor that potentially can be exploited as a target to inhibit cancer cell growth.
Translational control plays an important role in cell growth and tumorigenesis. Cap-dependent translation initiation of mammalian mRNAs with structured 5UTRs requires the DExH-box protein, DHX29, in vitro. Here we show that DHX29 is important for translation in vivo. Down-regulation of DHX29 leads to impaired translation, resulting in disassembly of polysomes and accumulation of mRNA-free 80S monomers. DHX29 depletion also impedes cancer cell growth in culture and in xenografts. Thus, DHX29 is a bona fide translation initiation factor that potentially can be exploited as a target to inhibit cancer cell growth.
I
nitiation is a tightly regulated rate-limiting step in the translation of eukaryotic mRNAs. Ribosome recruitment to the mRNA commences with binding of translation initiation factor 4F (eIF4F) to the 7-methyl guanosine cap structure, which is present at the 5Ј end of all nuclear-encoded eukaryotic mRNAs (1) . eIF4F (comprising the cap-binding protein eIF4E, the DEAD-box RNA helicase eIF4A and eIF4G, a scaffold for binding eIF4E and eIF4A) binds to the cap, unwinds (with the aid of eIF4A) the cap-proximal region of the mRNA, and, through interaction with the ribosome-bound eIF3, recruits the 40S ribosomal subunit to the mRNA (2-4). The 40S subunit then scans the 5Ј UTR in a 5Ј to 3Ј direction until it encounters an initiation codon. A subsequent joining of the 60S ribosomal subunit and release of eIFs result in formation of an elongationcompetent 80S ribosome.
Secondary structures in 5ЈUTRs of mRNAs are thought to become unwound to allow ribosomal complexes to move along the mRNA in search of the initiation codon. Thus, in addition to its role in the initial attachment of ribosomal complexes to mRNA, eIF4A is believed to assist ribosomal complexes during scanning (5) . Recent observations suggest that the process of eukaryotic initiation requires additional members of the DEAD/DExH-box protein family; for instance, a DEAD-box protein, yeast Ded1, and its mammalian homologue, DDX3, are biochemically and genetically implicated in translation initiation on long structured 5ЈUTRs (6) , and another DExH-box protein, DHX29, strongly stimulates cap-dependent initiation on mRNAs with structured 5ЈUTRs in vitro (7) . Here we studied the importance of DHX29 for translation in vivo and characterized it as a novel factor required for cell proliferation.
Results

DHX29 Is a Ubiquitously Expressed Cytoplasmic Protein That Associ-
ates with the 40S Ribosomal Subunit. DHX29 has been found to interact with the 40S ribosomal subunit in vitro and to associate with 40S ribosomal complexes in a rabbit reticulocyte lysate (7) . To determine how general these findings are, we examined the distribution of DHX29 in polysome preparations from HeLa cells using 2 commercial DHX29 antibodies (Fig. 1A) . The specificity of these antibodies to human DHX29 was confirmed by immunoblotting against the purified native protein [supporting information (SI) Fig. S1 ] and recombinant DHX29, as well as by the loss of immunoreactivity following DHX29 RNAi depletion in HeLa cells (see below). DHX29 was enriched in 40S fractions (Fig. 1 A) . A low level of DHX29 was associated with 60S and 80S ribosomes. The eIF3b and eIF3g subunits of eIF3 showed the same distribution as DHX29. As expected, the 40S subunit ribosomal protein, rpS6, was associated with 40S, 80S, and polysome fractions, whereas the 60S subunit ribosomal protein, rpL6, was associated predominantly with 60S, 80S, and polysome fractions. ␤-actin protein was found primarily in the top gradient fractions.
The distribution of DHX29 was similar to that of the eIF3 subunits. eIF3 is a canonical initiation factor that interacts with the 40S subunit (8, 9) . Enrichment of DHX29 in 40S fractions in vivo is in agreement with the in vitro data (7) and consistent with the suggested function of DHX29 at the translation initiation stage.
As a component of the translation machinery, DHX29 would be expected to be expressed ubiquitously. Analysis of DHX29 mRNA expression using several databases [i.e., SOURCE, http:// smd.stanford.edu/cgi-bin/source/sourceSearch (10); BioGPS, http://biogps.gnf.org; and ONCOMINE, http://www.oncomine.org (11) ] supports this notion. To validate these data, we examined DHX29 expression in cell lines. Like eIF3b, DHX29 was expressed at similar levels in all cell lines examined (Fig. S2) . The ubiquitous expression of DHX29 is consistent with its general physiological role in translation.
We next examined the subcellular localization of DHX29 by immunofluorescence (IF) staining of cells. Despite the good quality of the commercial antibodies for DHX29 detection by immunoblot analysis, these antibodies lack the specificity required for IF analysis. Thus, we transfected HeLa cells with an HA-tagged DHX29 expression vector and performed IF analysis using anti-HA antibodies. Consistent with its suggested role in translation, DHX29 was localized to the cytoplasm (Fig. 1B) . The specificity of the IF staining by anti-HA antibodies was demonstrated by the absence of a fluorescent signal on staining with anti-Flag antibody used as a nonspecific isotype control (Fig. S3A) , and also by the absorption of anti-HA-specific antibodies with the HA peptide (Fig. S3B ).
DHX29 Down-Regulation Disrupts Polysomes and Inhibits Translation.
The function of several translation initiation factors in vivo has been studied previously using RNA interference (12) (13) (14) (15) . To investigate the role of DHX29 in translation in vivo, we reduced its amount in the cells by RNA interference. Transfection of HeLa cells with DHX29 siRNA resulted in a Ͼ90% reduction in DHX29 expression (Fig. 2A) . The effect of reduced DHX29 expression on translation was determined using metabolic protein labeling experiments, in which siRNA-mediated knockdown of DHX29 led to a 2-fold reduction in [ 35 S]-methionine incorporation (Fig. 2B) .
To rule out the possibility that the results obtained with siRNA were due to ''off-target'' effects, and to study the long-term effects of DHX29 down-regulation on cell physiology, we established stable cell lines using lentiviral shRNAs against DHX29. We used several DHX29 shRNAs and a nontargeting shRNA control. Five different DHX29 shRNAs were introduced into HeLa cells. Various degrees of DHX29 silencing were achieved (Fig. 2C) . Two stably infected cell lines (shRNA1 and shRNA4) that showed Ͼ90% reduction in DHX29 levels were used for subsequent experiments (Fig. 2C) . Because of the great similarity of the data obtained from the 2 shRNA clones, here we present the results for shRNA1 only. In agreement with the results obtained with siRNA, DHX29 shRNA-expressing cells exhibited an average 2-fold reduction in [ 35 S]-methionine incorporation into proteins (Fig. 2D) .
To determine the step at which translation is inhibited, we examined polysome profiles from DHX29 and control siRNAtransfected cells. DHX29 down-regulation caused dissociation of polysomes, with a concomitant increase in the abundance of 80S ribosomes as well as 40S and 60S subunits (Fig. 3A) . Light polysomes were relatively less affected by DHX29 silencing compared with heavy polysomes. Notably, silencing of DHX29 resulted in dissociation of polysomes and an increase in the 80S peak. These effects on the polysomal profile are the hallmark of inhibited translation initiation (16) . In DHX29 shRNA-expressing cells, polysome profiles showed a reduction in polysomes with concomitant increases in 40S, 60S, and 80S ribosome fractions (Fig. 3B ). These data recapitulate those observed with siRNA and confirm that DHX29 functions in translation initiation.
To determine whether the 80S ribosomes that accumulate on silencing of DHX29 are translation-competent monosomes assembled on the mRNA or mRNA-free ribosomes, we analyzed polysome profiles in the presence of high salt (0.5 M KCl), which disrupts mRNA-free 80S complexes that are not engaged in translation (17, 18) . Polysome profiles from DHX29-silenced cells showed a dramatically reduced abundance of 80S ribosomes, due to their dissociation into individual 40S and 60S subunits (Fig. 3C ). This result demonstrates that DHX29 silencing strongly reduces the assembly of 80S ribosomal complexes on mRNA.
DHX29 Is Required for Translation Initiation on mRNAs with Structured
5UTRs. DHX29 plays a prominent role in the translation of mRNAs with highly structured 5ЈUTRs (7) . The addition of DHX29 to an in vitro reconstituted translation system strongly stimulated 48S complex formation on mRNAs containing stable secondary structures in their 5ЈUTRs, such as Cdc25C mRNA (⌬G ϭ Ϫ85 kcal/mol) (7). To examine the effects of DHX29 on the translation of Cdc25C mRNA in vivo in DHX29-silenced and control cells, we determined Cdc25C mRNA distribution in sucrose density gradients. In control cells, Cdc25C mRNA sedimented predominantly with heavy polysomes, whereas in DHX29-silenced cells, it was shifted to light polysomes, indicating decreased translation initiation of this mRNA (Fig. 4A) . In agreement with these findings, Cdc25C protein levels decreased by more than 3-fold on DHX29 silencing (Fig. 4B) .
To examine the effect of DHX29 silencing on translation of mRNAs that have 5ЈUTRs with less-stable secondary structures than Cdc25C mRNA, we analyzed the polysome distribution of XIAP mRNA (⌬G ϭ Ϫ47 kcal/mol) in sucrose density gradients. DHX29 depletion caused a shift in XIAP mRNA from heavy to light polysomal and subpolysomal fractions (Fig. 4A) . XIAP protein expression was at least 3-fold repressed on DHX29 silencing (Fig. 4B) . Together, these data demonstrate that DHX29 silencing inhibits translation of mRNAs containing moderately to extensively structured 5ЈUTRs.
To study the effect of DHX29 depletion on mRNAs with weak secondary structures, we assayed the polysomal association of ␤-actin and GAPDH mRNAs (⌬G ϭ Ϫ16 and Ϫ22 kcal/mol, respectively). DHX29 depletion had a minimal effect on the polysomal distribution of ␤-actin and GAPDH mRNAs (Fig. 4 A) . Consistent with this result, no significant changes in protein levels for GAPDH and ␤-actin were observed on DHX29 silencing (Fig. 4B ). In agreement with the in vitro results (7), these data indicate that in vivo, DHX29 predominantly stimulates translation of structured mRNAs. Analysis of all human 5ЈUTRs extracted from the RefSeq database shows that 66% of mRNAs have ⌬G Ͻ Ϫ40 kcal/mol and thus can be considered moderately to extensively structured (Fig.  S4) . The prevalence of structured mRNAs in the eukaryotic cells could explain the global effects of DHX29 silencing on polysome distribution and decreased protein synthesis.
DHX29 Silencing Inhibits Cancer Cell Proliferation.
The inhibition of translation initiation impedes cell growth and proliferation (19) . In addition, several translation factors are implicated in tumorigenesis (19) (20) (21) (22) . Consistent with a reduction in translation, HeLa cell proliferation was inhibited by almost 3-fold in DHX29 siRNA-silenced cells (Fig. 5A ). Cell proliferation also was significantly (3-fold) inhibited by shRNA-mediated silencing of DHX29 after 4 days, compared with a nontargeting shRNA control (Fig. 5B ). These results demonstrate that DHX29 is required for cell proliferation.
To exclude off-target effects of the DHX29 shRNA, we transfected DHX29-silenced HeLa cells with a plasmid encoding HA-tagged DHX29. This resulted in a 2-fold increase in proliferation compared with DHX29-silenced mock transfected cells (Fig. 5B) . Control cells transfected with HA-DHX29 showed no significant change in cell proliferation compared with the mock-transfected control. Immunoblot analyses were performed to determine DHX29 expression levels. In control cells, the expression of HA-tagged DHX29 increased total DHX29 protein levels by about 3-fold ( DHX29, compare lanes 1 and 2). In DHX29-silenced cells, the level of DHX29 was restored after transfection with HA-DHX29, compared with controls ( Fig. 5C ; DHX29 compare lanes 3 and 2). Consistent with the finding that DHX29-silencing causes the inhibition of Cdc25C mRNA translation (Fig. 4 A) , Cdc25C protein levels were restored to those of controls on rescue of DHX29 expression ( Fig. 5C ; Cdc25C, compare lanes 3 and 2). These findings indicate that rescue of DHX29 expression results in restoration of cell proliferation to control nonsilenced levels, underscoring the specificity of the observed DHX29-silencing effects.
Given the strong effects of DHX29 on cell proliferation, we wished to determine whether DHX29 plays a role in tumorigenicity. We explored this issue using a HeLa cell-based system used previously to assess cell proliferation and tumorigenicity (23) (24) (25) (26) (27) (28) (29) (30) . First, anchorage-independent cell growth was assessed in shRNA-mediated DHX29-silenced and control cells. The DHX29-silenced cells exhibited at least a 10-fold decrease in the number of colonies formed in soft agar (Fig.  6A) . Second, DHX29's role in tumor formation was assessed in xenograft experiments. DHX29-silenced and control HeLa cells were injected s.c. into nude mice, and after 4 weeks, tumors were excised. The DHX29-silenced cells formed significantly (P Ͻ .05) smaller tumors (average, 25 mg) compared with the nonsilenced control cells (average, 106 mg) (Fig. 6B ). These findings demonstrate that silencing of DHX29 is sufficient to impair tumorigenicity.
Our query of the ONCOMINE database revealed significant overexpression of DHX29 in various types of cancers, including glioblastoma multiforme (P ϭ 1.91e Ϫ07 ), metastatic melanoma (P ϭ 6.25e Ϫ07 ), ovarian endometrioid carcinoma (P ϭ 4.1e Ϫ13 ), and ovarian serous adenocarcinoma (P ϭ 7.86e Ϫ11 ) (Fig. 6C) . This suggests that translational inhibition through DHX29 silencing might present a means by which cancer cell growth could be inhibited. (11) . ONCOMINE was searched for data sets in which DHX29 mRNA levels exhibited significant differences (t-test P value Ͻ10 Ϫ5 ) in cancer versus normal tissue. Four such data sets were identified, and the normalized (by ONCOMINE) data were obtained. The graphs show boxplots of the 4 data sets comparing the cancer and normal samples. The 25th-75th percentiles are indicated by a closed box, with the median indicated by a line; different degrees of outliers are indicated by the whiskers and the points, as defined for standard boxplots.
Discussion
Our data demonstrate that DHX29 exhibits properties of a bona fide translation initiation factor. This is supported by several lines of evidence, including (i) the similar polysome distribution of DHX29 and other canonical translation initiation factors, (ii) the transient association of DHX29 with the 40S subunit, (iii) the decreased protein synthesis, and most importantly, (iv) the shift of heavy polysomes to light polysomes and free ribosomal subunits on RNAi-mediated reduction of DHX29 cellular content.
Early studies to identify eIFs using in vitro reconstituted initiation systems (31, 32) used ␤-globin mRNA, which has a relatively unstructured 5ЈUTR. More recent studies have confirmed that eIFs 2/3/1/1A/4A/4B/4F are sufficient to promote efficient 48S complex formation on ␤-globin mRNA and on model synthetic mRNAs with minimally structured 5ЈUTRs (5, 7, 33) . The use of mRNAs with minimally structured 5ЈUTRs in previous biochemical assays is most likely the reason why DHX29 was identified only very recently. However, it is also noteworthy that preparations of factors used in the late 1970s contained substantial amounts of impurities, and that initiation factors such as eIF4F and eIF5, known to be required for initiation on ␤-globin mRNA, likely were present as contaminants and were not discovered until improved purification strategies became available. Thus, it is possible that DHX29 also may have been present as a contaminant in early preparations of initiation factors.
Both in vitro and in vivo studies show that DHX29 affects the initiation of translation of mRNAs with moderately to extensively structured 5ЈUTRs. Many mRNAs harboring extensive secondary structures have been shown to encode mainly for proteins involved in regulating growth, proliferation, and apoptosis (19, 34, 35) ; thus, it is conceivable that the decreased cell proliferation on DHX29 silencing is mediated through reduced translation of these mRNAs. In this regard, DHX29 protein behaves similarly to the canonical translation initiation factor eIF4E, which primarily controls translation of mRNAs with an extensive 5ЈUTR secondary structure and is strongly implicated in tumorigenesis (19, 35) . Indeed, many of the eIF4E-regulated mRNAs are those involved in controlling cell proliferation and apoptosis (34, 35) . But eIF4E does not exhibit helicase activity, and its modulatory role in the translation of structured mRNAs is thought to be exerted through eIF4G-mediated recruitment of the eIF4A helicase that unwinds 5ЈUTR secondary structures (5) .
Although in silico DHX29 has a conserved helicase domain, it does not exhibit helicase activity in vitro (7) . Our data indicate that DHX29 is associated with the 40S ribosomal subunit. The 43S ribosomal complex has intrinsic RNA scanning activity (5), which could be enhanced by DHX29 through remodeling of the 40S subunit. Data from Pisareva et al. (7) also suggest this possibility. Advancement in our understanding of the eukaryotic ribosome structure and its conformational changes during the process of translation would help to answer this question, as well as other important questions.
Materials and Methods
Cells. HeLa S3 cells were obtained from the ATCC and maintained in DMEM (Sigma-Aldrich) containing 10% FBS.
Immunoblotting and Antibodies. SDS/PAGE and Western blot analysis were performed as described previously (36) , using antibodies against human Cdc25C (H-6), rpL6, eIF3b, DHX29, and rpS6 (Santa Cruz Biotechnologies); DHX29 (Bethyl Laboratories); eIF3g (from T. K. Tang, Academia Sinica, Taipei, Taiwan); eIF4B (37) , rabbit anti-HA, and XIAP (Cell Signaling Technology); ␤-actin (Sigma-Aldrich); mouse anti-HA (HA11; Covance Research); and mouse anti-Flag (M2; Sigma-Aldrich).
Transfections. Transfections were performed using Lipofectamine 2000 (Invitrogen), according to the manufacturer's instructions.
siRNA. The anti-human DHX29 ON-TARGETplus SMARTpool and NonTargeting Pool siRNA system was purchased from Dharmacon.
Lentivirus Packaging and Infections. Lentiviruses for shRNA-silencing experiments were prepared as described previously (38) , with some modifications. The MISSION shRNA bacterial glycerol stock containing 5 anti-DHX29 shRNA sequences and SHC002 shRNA Control were purchased from Sigma-Aldrich. Results from shRNA TRCN0000051238 (Sigma-Aldrich) are presented in this paper. Stable shRNA-expressing cell lines were established and selected by puromycin. Analyses of the protein synthesis and the polysome profile were conducted on day 6 after infection with anti-DHX29 and nontargeting control shRNA-expressing viruses.
[ 35 S]-Methionine Metabolic Labeling. Cells were seeded in 24-well plates, and [ 35 S]-methionine labeling was performed as described previously (39) .
Polysome Analysis. Polysome analysis was performed as described previously (35) . Polysomal fractionation experiments using 500 mM KCl were done as described previously (18) .
RT-PCR.
Sucrose gradient fractions were subjected to RNA extraction using TRIzol (Invitrogen). Reverse transcription was performed using a SuperScript III Reverse-Transcriptase Kit (Invitrogen) and Random Hexamers (Invitrogen) according to the manufacturer's instructions. PCRs were carried out in a Mastercycler Realplex 2 (Eppendorf) or a CFX96 (Bio-Rad) RT-PCR system using iQ Sybr Green Supermix (Bio-Rad) according to the manufacturer's instructions. The linear amplification range was determined by quantitative PCR. PCR was performed using 1 L of RT reaction in a total reaction volume of 10 L containing reverse and forward primers (0.5 L of 10 M solutions). The amplification conditions consisted of an initial denaturation step of 2 min at 95°C, followed by up to 40 cycles of 15 s at 95°C, 15 s at 55°C, and 20 s at 68°C. PCR products were analyzed in 1.8%-2% agarose gels. Primers for ␤-actin were as described previously (40) . Primers for Cdc25C were: forward, 5Ј-TGGGATGAATCATGACCAGCACCT; reverse, 5Ј-TCTCTTTCTATGGCCACGGTC-CAA. Primers for XIAP were: forward, 5Ј-TGTTTCAGCATCAACACTGGCACG; reverse, 5Ј-TGCATGACAACTAAAGCACCGCAC. Primers for GAPDH were: forward, 5Ј-TCGACAGTCAGCCGCATCTTCTTT; reverse, 5Ј-ACCAAATCCGTT-GACTCCGACCTT.
Cell Proliferation. HeLa cells were plated at 12,000 cells per well in a 6-well plate. For siRNA-silenced cells, they were plated 1 day after siRNA transfection as described above. Cells were trypsinized and counted using a hemocytometer or a Beckman Coulter counter.
Plasmids. Human DHX29 cDNA (NCBI reference sequence NM019030.2) was cloned into pcDNA3-HA using standard RT-PCR procedures. The empty vector was used as a control for possible effects caused by the transfected plasmid.
Soft Agar Assays and Injection in Nude Mice. Soft agar assays were done as described previously (21) . CD1 male nude mice (6 -8 weeks old; Charles River Laboratories) were injected s.c. with 1 ϫ 10 6 cells in 100 L of PBS. Tumor growth was monitored according to McGill University guidelines.
Immunofluorescence. IF experiments were performed as described previously (41) . Cells were incubated for 3 hours with mouse anti-HA or anti-Flag antibodies at 1:2,000 dilution. IF images were obtained on an Axio Imager M1 (Carl Zeiss) using DAPI, rhodamin, and phase contrast settings.
Bioinformatics. All human 5ЈUTRs were extracted from the RefSeq database downloaded on September 1, 2008. When multiple alternative 5ЈUTRs for a single gene existed, the longest 5ЈUTR was used for the analysis. The minimal free energy from each 5ЈUTR was estimated using UNAfold 3.6 with default settings (42) . The minimal ⌬G was set at Ϫ500.
Statistical Analysis.
Error bars for all data represent SDs from the mean. P values were calculated using t-tests. 
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